Background {#Sec1}
==========

Agriculture is struggling to meet the enormous challenge of producing enough food for an ever-expanding world population. To maintain this high productivity, great quantities of synthetic fertilizers are required (Avis et al. [@CR9]; Godfray et al. [@CR32]), which can damage ecosystem structures and functions, including the soil microbial community which plays an important role in agriculture sustainability (Ahemad and Khan [@CR2]; Avis et al. [@CR9]; Srinivas et al. [@CR80]).

The structure and function of the soil microbial community are directly and indirectly influenced by the management regime (Barea et al. [@CR11]; Araújo et al. [@CR8]). On one hand, intensive conventional farming systems are dependent on large fertilizer inputs and characterized by low nutrient use efficiencies, which result in environmental threats (Marinari et al. [@CR49]; Radíc et al. [@CR67]) including environmental pollution, soil erosion (Marja et al. [@CR50]) and loss of biodiversity (Dai et al. [@CR25]). On the other hand, organic farming is defined as sustainable since it relies on diversified inputs, most of them organic and not immediately available to the crop, which stimulate the networking and complementarity of the soil microbial community, and reduce environmental threats (Beltrán-Esteve and Reig-Martínez [@CR15]; Marja et al. [@CR50]; Perez et al. [@CR65]). As nitrogen (N) and phosphorus (P) are the main fertilizers used worldwide, and have biogeochemical cycles involving many bio-transformations, the efficiency of their use by plants is intrinsically related with the crop management regime (van Diepeningen et al. [@CR87]; Moeskops et al. [@CR55]; Barea et al. [@CR12]). Many of the plant growth promoting rhizobacteria used as biofertilizers are involved in the soil P and/or N cascades of transformation (Chiarini et al. [@CR24]).

PGPR constitute a heterogeneous group that include organisms of the genera *Pseudomonas*, *Azospirillum*, *Burkholderia*, *Bacillus*, *Enterobacter*, *Klebsiella*, *Rhizobium*, *Erwinia*, *Serratia*, *Alcaligenes*, *Arthrobacter*, *Acinetobacter*, and *Flavobacterium* (Rodríguez and Fraga [@CR70]; Khan et al. [@CR41]; Sharma et al. [@CR77]; Ahemad and Kibret [@CR4]; Reed et al. [@CR68]).

PGPR exert beneficial effects on plant growth via direct and indirect mechanisms. Direct mechanisms involve the synthesis of substances or modulation at an enzymatic level, which facilitates the absorption of certain nutrients, solubilization of mineral phosphates (Ahemad et al. [@CR5]; Malboobi et al. [@CR48]), biological fixation of nitrogen (Peix et al. [@CR63]; Caballero-Mellado et al. [@CR22]; Jackson et al. [@CR39]) and synthesis of plant hormones such as gibberellic acid, cytokinins, ethylene, and indolic acetic acid (IAA). Indirect mechanisms include PGPR decreasing or preventing the destructive effects of one or more phytopathogens, by the production of antibiotics (Richardson et al. [@CR69]; Bevivino et al. [@CR16]; Rodríguez and Fraga [@CR70]) or siderophores (Reed et al. [@CR68]). Siderophores produced by PGPR have a high affinity with iron III from the rhizosphere and, consequently, retain a most of the iron available, inhibiting the proliferation of phytopathogenic fungi (Bevivino et al. [@CR17]; Laslo et al. [@CR43]).

However, sometimes the effects of PGPR are unstable, and greatly influenced by biotic and abiotic soil conditions, conferring on PGPR a certain degree of specificity in relation to crop improvement. It is consequently recommended that, in order to obtain the best results, PGPR inoculants should be isolated from native PGPR populations (Reed et al. [@CR68]; Santos-Villalobos et al. [@CR73]; Bashan et al. [@CR14]). This poses the question of what is the bigger driver for the rhizobacteria's functional ecology: the crop or management regime? This work was intended to address this question by studying potential PGPR isolated from the rhizosphere of papaya (*Carica papaya* L.) plants grown in farms with similar soil and edaphic conditions, under distinct crop management regimes.

Papaya is one of the most commonly cultivated fruits in almost all tropical American countries, and it is also one of the most consumed fruits in the tropical and sub-tropical regions of the world (FAO [@CR31]). Due to its continuous growth, uninterrupted and simultaneous flowering and fruiting, it needs water and nutrients throughout its growing cycle (Mendonça et al. [@CR54]; Trindade et al. [@CR83]) and therefore is a high nutrient-demanding crop. This work is based on the hypothesis that the different crop management systems represent distinct soil perturbations and influence differently the microbial structure and the mechanisms involved in the promotion of plant growth. The objective of this study was to compare the influence of two crop management system (conventional and organic) on microbial PGPR features.

Results {#Sec2}
=======

Isolation and identification of phosphate-solubilizing bacteria using 16S rRNA sequencing {#Sec3}
-----------------------------------------------------------------------------------------

The shortage of P reserves and their rapid loss in the soil even after fertilization promotes the search for PGPR with phosphorus solubilizing capacity which may eventually be used as soil inoculants. Therefore our initial aim was to conduct a screening for selecting bacteria isolates with high ability to solubilize phosphate.

The counts of total cultivable bacteria isolated from the rhizosphere of *C. papaya* were not influenced by the management regime (Fig. [1](#Fig1){ref-type="fig"}a). However, the number of rock phosphate-solubilizing bacteria (based on the CFU formed in the selective medium) was higher in soils from the organic system (P = 0.02) (Fig. [1](#Fig1){ref-type="fig"}b).Fig. 1Bacterial total density (**a**) and tricalcium phosphate solubilizing bacterial Density (**b**) in the rhizosphere of *C*. *papaya* L. plants grown in conventional or organic system (n = 4). n.s. means are not significantly by Student's *t* test at P ≤ 0.05. \*\*\* Means are statistically different by Student's *t* test at P ≤ 0.001

The 12 CFUs presenting the greater rock phosphate-solubilizing capacity (higher solubilization index), in the NBRIP medium, 5 from the conventional and 7 from the organic farming systems, were selected for molecular identification. All the isolates preserved in vitro conditions, maintained their viability and functionality over time in laboratory assays). The 12 isolates were identified as belonging to two families: Enterobacteriaceae and Burkholderiaceae. Seven isolates were identified as belonging to the genus *Klebsiella*, the predominant genus in both management systems and were very similar to each other. The others were of the genera *Burkolderia* (3, including one *B. cepacia* and two *B. vietnamiensis*), *Enterobacter* (1) and *Leclercia* (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Phylogenetic tree obtained with 16S rDNA partial sequences (518 nucleotide positions), corresponding to the PSB isolates and the most closely related ones retrieved from BLAST search. Phylogeny was inferred using the Neighbor Joining method of aligned 16S rDNA fragments. *Alcaligenes xylosoxidans*, was included to root the tree. Access numbers of GenBank sequences are indicated in the figure and names in *bold face* correspond to sequences determined in this work

The five isolates from the conventional farming system were identified as *Enterobacter* sp., *Klebsiella* sp. and *Burkholderia vietnamiensis*, designated in this work as *Enterobacter* sp. C, *Klebsiella* sp. C1, *Klebsiella* sp. C2, *Klebsiella* sp. C3 and *Burkholderia vietnamiensis* C. The seven isolates from the organic farming system were *Burkholderia cepacia*, *Burkholdeira vietnamiensis*, *Klebsiella* sp. and *Leclercia* sp., here designated *Burkholderia cepacia* O, *Burkholderia vietnamiensis* O, *Klebsiella* sp. O1, *Klebsiella* sp. O2, *Klebsiella* sp. O3, *Klebsiella* sp. O4 and *Leclercia* sp. O (where O stands for the organic management system).

Solubilization index (SI) for different phosphate sources and potential plant growth promoter {#Sec4}
---------------------------------------------------------------------------------------------

Although the isolates from the organic system had the highest capacity to solubilize rock phosphate, the differences between the farming systems were not so clear in relation to their capacity to use phytate (Fig. [3](#Fig3){ref-type="fig"}), the main organic source of phosphorus in the soil, as a P source. Of the twelve isolates, only four (*B. vietnamiensis* C, *B. vietnamiensis* O, *B. cepacia* O and *Leclercia* sp O) displayed the ability to fix nitrogen. Siderophore production was observed in all the bacterial isolates. With the exception of isolated *Leclercia* sp O, With the exception of *Leclercia* sp O, all the other strains were resistant to ampicillin and methacycline, and were susceptible to chloramphenicol, kanamycin, erythromycin and tetracycline.Fig. 3Phosphate solubilization index in solid NBRIP supplemented with tricalcium phosphate or phytate by phosphate solubilizing bacteria isolated from conventional and organic farming systems (n = 4). Means are statistically different by Student's *t* test (\*P ≤ 0.05; \*\*P ≤ 0.01; \*\*\*P ≤ 0.001)

Temporal kinetics of IAA production {#Sec5}
-----------------------------------

Regardless of the farming system, the highest production of IAA by all the isolated bacteria (in the culture medium supplemented with 200 ng mL^−1^ of tryptophan) took place at the beginning of the stationary phase of bacterial growth (Figs. [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}).Fig. 4IAA production kinetics and bacterial growth of *Pseudomonas fluorescens* (**a**), *Enterobacter sp.* C (**b**), *Klebsiella sp.* C3 (**c**), *Klebsiella sp.* C1 (**d**), *Klebsiella sp.* C2 (**e**), *B. vietnamiensis* C (**f**) isolated from the rhizosphere of *C*. *papaya* L. (conventional farming system) (n = 4)Fig. 5IAA production kinetics and bacterial growth of *Pseudomonas fluorescens* (**a**), *B. cepacia* O (**b**), *B. vietnamiensis* (**c**), *Klebsiella* sp. O1 (**d**), *Klebsiella* sp. O2 (**e**), *Klebsiella* sp. O3 (**f**), *Klebsiella* sp. O4 (**g**) and *Leclercia* sp. O (**h**) isolated from the rhizosphere of *C*. *papaya* L. (organic farming system) (n = 4)

The colonies assessed in this study presented the largest production of IAA after 96 h of incubation, with an optical density (OD) of 1.3 (Figs. [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}). IAA production by the bacterial colonies from the conventional farming system ranged from 15 to 60 µg mL^−1^ (Fig. [4](#Fig4){ref-type="fig"}). Of these, the lowest IAA production observed was that by *Enterobacter* sp C (15 µg mL^−1^), with an OD of 1.3 (Fig. [4](#Fig4){ref-type="fig"}b). The highest production (60 µg/mL) was that by *Klebsiella* sp C2, also with an OD of 1.3 after 96 h (Fig. [4](#Fig4){ref-type="fig"}d) of incubation. After 96 h, the other isolates from this farming system (*Klebsiella* sp C1, *B.* *vietnamiensis* C and *Klebsiella* sp C3) produced 30, 35 and 20 µg mL^−1^ of IAA, respectively. The OD was also 1.3 (Fig. [4](#Fig4){ref-type="fig"}c, e, f).

The production of IAA by isolates from the organic farming system after 96 h ranged from 8 to 180 µg mL^−1^, the OD being 1.3 (Fig. [5](#Fig5){ref-type="fig"}). The lowest production observed was that by *B. cepacia* O (8 µg mL^−1^) (Fig. [5](#Fig5){ref-type="fig"}b), while the highest was that by *Leclercia* sp. O (180 µg/mL) (Fig. [5](#Fig5){ref-type="fig"}h). The colonies of the other isolates (*B. vietnamiensis* O, *Klebsiella* sp. O1 *Klebsiella* sp. O2, *Klebsiella* sp. O3 and *Klebsiella* sp. O4) presented, after 96 h, IAA productions of 14, 20, 12, 27 and 14 µg/mL respectively, with an OD of 1.3 (Fig. [5](#Fig5){ref-type="fig"}b--g).

All the strains isolated from the rhizosphere of *C. papaya* except *Klebsiella* sp. C1, *B. vietnamiensis* C and *Klebsiella* sp. O2, *B. vietnamiensis* O and *B.* *cepacia* O, increased production of IAA in the presence of 200 μg mL^−1^ of the precursor tryptophan, in comparison to the control with 2 μg mL^−1^ of tryptophan (Fig. [6](#Fig6){ref-type="fig"}).Fig. 6Inhibition and stimulation in the production of IAA in medium supplemented with 2 (control) and 200 mg L^−1^ of tryptophan by bacteria isolated from the rhizosphere of *C*. *papaya* L. in conventional and organic farming systems (n = 4)

Antifungal activity {#Sec6}
-------------------

The isolates displayed antifungal properties against the phytopathogenic fungi *Fusarium culmorum*, *Geotrichum candidum*, *Pestalotia sp.*, *Alternaria sp.*, *Phoma sp.* and *Botrytis cinérea* (Figs. [7](#Fig7){ref-type="fig"}). Which are associated with papaya culture, for instances *Fusarium culmorum*, *Phoma* sp. and *Alternaria* sp induce peduncular rot in Papaya (Suzuki et al. [@CR81]; Nery-Silva et al. [@CR59]) seriously affecting papaya export and farmers income. The most effective isolates tested were *Klebsiella* sp. C1 and *B. vietnamiensis* C, which inhibited mycelial growth by 78 and 76 % respectively. *B. vietnamiensis* O inhibited mycelial growth of *Geotrichum candidum* by 81 % (Fig. [7](#Fig7){ref-type="fig"}a). Inhibition of mycelial growth of *Fusarium culmorum* by the isolates was over 30 %, the greatest inhibition being by *B. vietnamiensis* C (67 %), *Klebsiella* sp. O1, (68 %), *B. vietnamiensis* O (66 %) and *Klebsiella* sp. O3 (63 %) (Fig. [7](#Fig7){ref-type="fig"}b).Fig. 7Inhibition of mycelium growth rate of *Geotrichum candidum* (**a**), *Fusarium culmorum* (**b**), *Pestalotia* sp. (**c**), *Alternatia* sp (**d**), *Phoma* sp. (**e**) and *Botrytis cinerea* (**f**) by bacteria isolated from the rhizosphere of *C*. *papaya* L. (organic and conventional farming system (n = 4). Mean values followed by the same capital letters do not differ significantly by the Tukey test (P ≤ 0.05)

The greatest inhibition of mycelial growth of the fungus *Pestalotia* sp. was by the isolates *B. vietnamiensis* C (68 %) and *Klebsiella* sp. C1 (62 %) (Fig. [7](#Fig7){ref-type="fig"}c). The phytopathogenic fungus *Alternaria* sp. was inhibited by more than 30 %. The greatest inhibition was by *Klebsiella* sp.C1 (45 %), *B. vietnamiensis* O (58 %) and *Klebsiella* sp. O2 (44 %) (Fig. [7](#Fig7){ref-type="fig"}a). *Phoma* sp., was inhibited by up to 40 %, the greatest inhibition being by *Klebsiella* sp. C3 (40 %) and *B. cepacia* O (37 %) (Fig. [7](#Fig7){ref-type="fig"}b).

All the bacterial isolates inhibited the phytopathogenic fungus *Botrytis cinerea* by less than 44 % and the greatest inhibition was that by *B. vietnamiensis* C, *B. cepacia* O and *B.* *vietnamiensis* O (Fig. [7](#Fig7){ref-type="fig"}c).

Discussion {#Sec7}
==========

The crop management regime did not affect the size of the culturable bacteria community in the rhizosphere. However, it did affect the size and structure of the bacterial community able solubilize rock phosphate (Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"}). The effect of the management system on bacterial numbers is controversial. Some studies did not observe differences (Shannon et al. [@CR76]), while others found higher numbers of bacteria in the rhizospheres of organically grown crops (Grantina et al. [@CR34]). It is possible that part of the variation can be explained by soil pH and chemical composition, as well as by the quantities and nature of the fertilizers applied (Naher et al. [@CR57]). The effect of the management system on certain bacterial functional groups (such as the phosphate-solubilizing bacteria) may be direct or indirect. In our study the higher number of rock phosphate-solubilizing bacteria observed in the soils of the organic farming system may be due to the soil pH (6.5), which is more suitable for the functionality of phosphate-solubilizing bacteria than the 5.5 observed in the soils of the conventional system (Table [1](#Tab1){ref-type="table"}). On the other hand, the phosphate fertilizer applied to the conventional system may inhibit phosphate solubilization (Naher et al. [@CR57]). Table 1Chemical properties of a *C*. *papaya* L. rhizospheric soil under both conventional and organic farming systemsChemical characterizationConventionalOrganicP valuepH5.56.6\*0.041P (mg dm^−3^)355.3382.7^n.s.^0.643K (mg dm^−3^)189.0116.0\*0.032Ca (cmolc dm^−3^)4.44.4^n.s.^0.812Mg (cmolc dm^−3^)0.60.9^n.s.^0.073Na (cmolc dm^−3^)0.10.2^n.s.^0.056C (%)1.41.30.104MO (g dm^−3^)23.322.4^n.s.^0.138Cu (mg dm^−3^)2.88.6\*\*\*0.00014Zn (mg dm^−3^)22.614.0\*\*0.0085Mn (mg dm^−3^)10.023.0\*\*0.0012S (mg dm^−3^)127.535.3\*\*\*0.00001B (mg dm^−3^)0.91.4\*0.0193Fe (mg dm^−3^)26.821.2\*0.045H + Al (cmolc dm^−3^)2.30.8\*0.014BS (cmolc dm^−3^)5.65.7^n.s.^0.569T (cmolc dm^−3^)7.96.5\*0.027t (cmolc dm^−3^)5.65.7^n.s.^0.452V (%)70.787.3\*0.017H + Al, potential acidity; BS, sum of bases; T, cation exchange capacity (CEC) at pH 7.0; t, effective cation exchange capacity (eCEC); V, saturation percentage for bases; ^n.s^, means are not significantly different by Student's t test at P ≤ 0.05\* Means are statistically different by Student's t test at P ≤ 0.05, \*\* P ≤ 0.01 and \*\*\* P ≤ 0.001

Molecular identification of the isolates showed that they belong to the genera *Burkholderia*, *Enterobacter*, *Klebsiella* and *Leclercia*, the first three of which include many known PGPR (Rodríguez and Fraga[@CR70]; Madhaiyan et al. [@CR47]). Many strains of *Burkholderia cepacia* have already been described as PGPR (Dawwam et al. [@CR27]; Di Cello et al. [@CR28]; Rodríguez et al. [@CR71]; Pereg and McMillan[@CR64]), others are known as opportunistic pathogens in patients with cystic fibrosis and other immune depressive diseases (Richardson et al. [@CR69]; Bhardwaj et al. [@CR18]; Peeters et al. [@CR62]). However, Bevivino et al. ([@CR16]) claimed that strains isolated from different sources show genetic differences and differ in their degree of pathogenicity. In fact, some strains of *B. cepacia* are already being used in the biological control of plant pathogens (Bevivino et al. [@CR16]; Huang et al. [@CR37]). Based on the identification of these 12 isolates, we could not determine any structural differences between the phosphorus-solubilizing communities of the two management systems' soils. One genus was only identified in soils from the conventional system (*Enterobacter*), while another was only detected in soils from the organic system (*Leclercia*, Fig. [2](#Fig2){ref-type="fig"}) However most of the isolates from soils of both management systems belonged to the genus *Klebsiella*.

The capacity to solubilize inorganic phosphate is a necessary characteristic of a PGPR, however in most soils phytate, which is not assimilated by plants, is the largest soil P pool (Singh et al. [@CR79]). In this study, all 12 bacterial isolates from soils of both systems showed a high capacity to solubilize phytate (Fig. [3](#Fig3){ref-type="fig"}). Similar results were obtained in the rhizosphere of *Lolium perenne* L., *Trifolium repens* L., *Triticum aestivum* L., *Avena sativa* L. (Jorquera et al. [@CR40]); *Lupinus luteus* L. (Unno et al. [@CR86]) or *Lupinus albus* (Patel et al. [@CR61]; Hayat et al. [@CR36]). The capacity to mineralize phytate is important: in *B. amyloliquefaciens* it positively correlates with the promotion of corn seedlings' growth (Idriss et al. [@CR38]). Thus, mineralizing microorganisms capable of promoting phytate use in the rhizosphere have been considered for application as biofertilizers (Unno et al. [@CR86]; Jorquera et al. [@CR40]; Singh et al. [@CR79]). In contrast to phytate mineralization, isolates from the organic farming system were better able to solubilize tricalcium phosphate than those from the conventional system.

It is generally agreed that bacteria with a high capacity to solubilize phosphorus also exhibit diazotrophic function (Araújo et al. [@CR8]). However, only 4 of the 12 isolates obtained in this study were diazotrophic: 3 from the organically-managed plot and 1 from the conventional management system (Table [2](#Tab2){ref-type="table"}). The four isolated strains with high phosphorus solubiization capacity and the ability to fix nitrogen were *B. cepacia* O, *B. vietnamiensis* O, *Leclercia* sp O, and *B. vietnamiensis* C. As expected and reported by other authors, the *Enterobacter* isolate was not diazotrophic. The increase in plant nitrogen acquisition usually associated with *Enterobacter* PGPR may be related with changes in the plant hormonal balance induced by the bacteria (Martínez-Aguilar et al. [@CR51]; Azadeh et al. [@CR10]; Ferrara et al. [@CR30]). The *Klebsiella* isolated did not display nitrogen fixation, although some species of these genus are diazotrophic (Rogers et al. [@CR72]).Table 2Physiologic characteristics and antibiogram for the phosphate solubilizing bacteria isolated from rhizosphere of *C. papaya* L. in both conventional and organic farming systemsFarming systemConventionalOrganic*Enterobacter sp* C*Klebsiella* sp C1*Klebsiella* sp C2*Klebsiella* sp C3*B. vietnamiensis* C*B.cepacia* O*B. vietnamiensis* O*Klebsiella* sp O1*Klebsiella* sp O2*Klebsiella* sp O3*Klebsiella* sp O4*Leclercia* sp OPhysiology N Fixation\*\*\*\*++++++\*\*\*\*++ Siderophore Production++++++++++++Antibiotic Resistance Metacyclinerrrrrrrrrrrnd Ampicillinrrrrrrrrrrrnd Chloramphenicolsssssssssssnd Erythromycinsssssssssssnd Kanamycinsssssssssssnd Tetracyclinesssssssssssnd\*, no nitrogen-fixing; ++, nitrogen-fixing; +, producing Siderophores; r, antibiotic resistant; s, susceptible to antibiotics; nd, not detectable

All strains isolated were able to produce siderophores, a frequent characteristic of PGPR (Richardson et al. [@CR69]; Gupta et al. [@CR35]; Loaces et al. [@CR44], Table [2](#Tab2){ref-type="table"}). Siderophores are low molecular weight peptides or iron chelators which are synthesized by many microorganisms (Vassilev et al. [@CR88]; Patel et al. [@CR61]; Santos-Villalobos et al. [@CR73]) and some plant species. The types of siderophores produced vary according to the microbial functional group (Lugtenberg and Kamilova [@CR46]). Microorganisms capable of producing siderophores are beneficial to plants because they increase iron availability to the plant (Lugtenberg and Kamilova [@CR46]; Ahmed and Holmström [@CR6]), and perhaps because they are related with increased synthesis of antifungal compounds, thus providing protection against pathogens (Davidson [@CR26]; Laslo et al. [@CR43]).

So far no bacterial physiological role has been attributed to IAA. However many bacteria produce high amounts, especially when in the presence of tryptophan (Amin et al. [@CR7]; Zúñiga et al. [@CR89]). It has been suggested that IAA production by bacteria may be part of a signaling network between bacteria and non-bacterial partners. In the case of the interaction between PGPR and plants, this chemical crosstalk is very important, since IAA is a phytohormone controlling many important physiological processes in plants, such as cell division, tissue differentiation, root initiation, and growth (Khan et al. [@CR42]). IAA accumulation was observed during the later stages of growth, after the stationary growth phase, which is characteristic of secondary metabolite production (Unno et al. [@CR86]; Tsavkelova et al. [@CR85]; Richardson et al. [@CR69]; Ahemad and Khan [@CR3]; Gupta et al. [@CR35]; Figs. [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}). As expected (Tsavkelova et al. [@CR85]), the highest production of IAA was observed in the presence of 200 mg L^−1^ of tryptophan (Fig. [6](#Fig6){ref-type="fig"}). Considering that root exudates of many plants are rich in tryptophan (Tsavkelova et al. [@CR85]; Singh et al. [@CR78]), the chemical network between plants and PGPR which produce IAA is obvious.

All the isolates except *Leclercia* sp O inhibited the mycelial growth of the phytopathogenic fungi *Geotrichum candidum*, *Fusarium culmorum*, *Pestalotia* sp, *Alternaria* sp., *Phoma* sp and *Botrytis cinerea* (Fig. [7](#Fig7){ref-type="fig"}). The antifungal activity of *B. cepacia* has also been observed by other authors and was correlated with the fungus' ability to produce siderophore peptides (Bevivino et al. [@CR17]; Trujillo et al. [@CR84]; Ahemad and Khan [@CR2]). Some *Enterobacter* strains achieve suppression of mycelial growth of various phytopathogenic fungi through high activities of chitinolytic enzymes (Chernin et al. [@CR23]).

Based on the sequencing of 16 s rRNA, all the isolates identified as belonging to the *Klebsiella* genus were genetically very similar. However, they presented distinct physiological profiles in relation to their capacity to solubilize rock phosphate, produce IAA and inhibit the growth of phytopathogenic fungi. These distinct phenotypes may correspond to distinct genotypes (not detected by the 16 s rRNA sequencing) or distinct gene expression due to environmental factors (Buckling et al. [@CR21]; Bochner [@CR19]).

Conclusions {#Sec8}
===========

The objective of this study was to compare the influence of two crop management (conventional and organic) in several important PGPB features.

In this study it was observed that the crop management regime under which *C. papaya* was grown influenced the physiological functions the strains isolated from their rhizospheres, most notably inorganic phosphate solubilization and nitrogen fixation. Although most strains isolated in this study showed high potential to improve plant growth and be used as PGPR, highlighting the importance of assessing the pathogenicity and opportunistic behavior of isolates. The isolated strains *B. vietnamiensis* C, *B. vietnamiensis* O, *Klebsiella* sp. O1 and *Enterobacter* sp. C clearly showed the capacity to solubilize phosphate, produce phytohormones and siderophores, and inhibit the growth of phytopathogenic fungi in vitro, and therefore can be considered as promising candidates to be used in biofertilizers. However, more studies are needed to understand how these isolates behave when used to inoculate plants, and evaluate the performance of plants inoculated under field conditions.

Although no substantial difference was found in several PGPR traits (IAA and siderophore production, nitrogen fixation and antifungal activity against plant pathogenic fungi) our results revealed that as a group, the isolates from the organic farming system, showed a higher potential efficiency to solubilize inorganic phosphates than the group from the conventional crop. However, more studies are needed to understand the effect of crop management on the structure of the bacterial community, including a metagenomic analysis using taxonomic and functional genetic markers.

Methods {#Sec9}
=======

Sample description and chemical analysis of the rhizospheric soil {#Sec10}
-----------------------------------------------------------------

The study was carried out in an area where *C. papaya* L. (Golden variety) is grown under two different management regimes (conventional and organic), in Sooretama, in Espírito Santo state, Brazil, between 2012 and 2013. The organic area has quality certifications: in 2004 it obtained the "EUREPGAR Protocol for Fresh Fruits and Vegetables" certificate and in 2009 the organically-farmed area obtained the IBD organic certificate (Inspeções e Certificações Agropecuárias e Alimentícias). Local average annual temperature and precipitation are 22 °C and 700--800 mm. The experimental areas have a plain topography and a deep soil classified as moderate type A Dystrophic Yellow Podzolic with a sandy/medium texture. The plantation was carried out in planting holes (40 × 40 × 40 cm^3^), with a volume of 64 L, with gaps of 3.0 × 2.0 m in a simple row system resulting in 1700 plants/ha^−1^. Each planting hole was fertilized.

The conventional farming system (19°12′22.9″S 40°05′52.0″W) had been under natural vegetation until 1994, and was then used to grow conventional conillon coffee plants. Since 2004 *C. papaya* has been cultivated conventionally, using industrial chemicals for soil fertilization. Chemical pesticides are used for pest control and the soil irrigation is carried out by micro-sprinklers.

The organic farming system (19°14′13.40″S 40°4′38.73″W) was also under natural vegetation until 1994 and was also used to grow conventional conillon coffee plants, however, this crop was abandoned in 1999. During the year 2000, the plants in question were removed and the soil was then rested until 2004, allowing the grass to grow. In 2005, cultivation of *C. papaya* started with monthly soil fertilizations using liquid fertilizers with the amino acids Turbofil formulation: wood dirt, filter cake, natural phosphates, magnesium oxide, dolomite limestone, bone flour, fresh cow manure, molassed chicken manure, and ground ox liver. All the ingredients were mixed and left to rest for 40 days before being used. Double ventilated sulphur powder was used for the control of white mites, whilst cassava water was used every week to control other pests. Soil irrigation was carried out by micro-sprinklers.

Rhizospheric soil samples were collected at 0--20 cm depth, following EMBRAPA soil collection protocols (EMBRAPA [@CR1]). Each sampled soil parcel contained 6 plants spaced at a distance of 20 cm. Four soil subsamples were collected from around each plant, at 8 cm from the plant neck. Soil samples were collected in labelled plastic bags and placed in polystyrene boxes that kept soil temperature constant, then transported to the laboratory, where they were immediately analysed.

For chemical analysis, a portion of each sample was dried in an incubator with forced air circulation at 60--70 °C for 24 h. After drying, samples were ground and sieved (2 mm) before storage in vacuum sealed plastic containers for further analysis (Sarruge and Haag [@CR74]; Martins and Reissmann [@CR52]). P was determined colorimetrically based on the ammonium vanadate-molybdate method. K, Al and Na were measured by flame photometry. Ca, Mg, S, Cu, Fe, Mn, B and Zn were determined by atomic absorption spectrophotometry (Table [1](#Tab1){ref-type="table"}).

Isolation of total bacteria {#Sec11}
---------------------------

Total culturable bacteria were isolated by serial dilution in a homogeneous suspension of 10 g soil in 90 mL of saline solution (0.85 % NaCl), shaken at 250 rpm for 30 min at 25 °C. Dilutions from 10^−2^ to 10^−6^ were plated on solid medium Nutrient Agar, and incubated for 5 days at 28 °C. Data were expressed as number of colony forming units (CFU) per g of dry soil (Grantina et al. [@CR34]).

Isolation of phosphate-solubilizing bacteria {#Sec12}
--------------------------------------------

Phosphate-solubilizing bacterial strains were isolated by serial dilution as described for total bacteria, but the 10^−2^ and 10^−6^ dilutions were smeared into solid medium (National Botanical Research Institute's phosphate (NBRIP) (Nautiyal [@CR58]) containing 10 g of glucose, 5 g of Ca~3~(PO~4~)~2~, 5 g of MgCl~2~·6H~2~O, 0.25 g of MgSO~4~·7H2O, 0.2 g of KCl, 0.1 g of (NH~4~)~2~SO~4~ and 1.5 % of agar in 1 L deionised water (pH 7.0). After incubation for 15 days at 28 °C, bacteria that presented a clear halo around the colony were considered capable of solubilizing tricalcium phosphate. Their numbers were expressed as colony forming units (CFU) per gram (g) of dried soil. Selected strains were replicated into new plates containing NBRIP solid medium. After the second passage, the isolated colonies were stored in DYGS culture media containing 2 g of glucose, 1.5 g of peptone, 2 g of yeast extract, 0.5 g of KH~2~PO~4~·7H~2~O and 0.5 g of MgSO~4~·7H~2~O in 1 L deionised water (pH 6.8). They were subsequently stored in 50 % glycerol at −80 °C.

Molecular characterization of isolates {#Sec13}
--------------------------------------

### DNA extraction {#Sec14}

Genomic DNA from all studied isolates was extracted following the method described by (Pitcher et al. [@CR66]), with some modifications. Briefly, bacterial cells were collected by centrifugation and washed with TE buffer. The pellets were then re-suspended in 500 μL TE and digested with 250 μg lysozyme for 1 h at 37 °C. 500 μL of GES (5 M guanidium tiocyanate, 100 mM EDTA, 0.5 % (v/v) sarcosil) were added. The suspension was incubated on ice until cell lysis, then 250 μL of 10 M ammonium acetate were added and the suspension was re-incubated on ice for 10 min. Nucleic acids were extracted with chloroform:isoamilic alcohol (24:1) and precipitated with one volume of isopropanol. After centrifugation, DNA was washed with ethanol 70 % (v/v), resuspended in TE buffer with 50 μg ml^−1^ RNase, and incubated for 2 h at 37 °C. A second extraction with chloroform:isoamilic alcohol (24:1) was performed, in which DNA was precipitated with 1/10 volume of sodium acetate and 2.5 volumes of ethanol, centrifuged, washed with ethanol 70 % (v/v) and resuspended in 50--100 μL of sterile distilled water.

### 16S rDNA PCR amplification {#Sec15}

PCR amplification of the complete 16S rRNA gene was carried out using the primers PA (5′-AGAGTTTGATCCTGGCTCAG-3′) and 907R (5′-CCGTCAATTCCTTTRAGTT 3′) (Muyzer et al. [@CR56]; Massol-Deya et al. [@CR53]). Reactions were performed in a final volume of 50 μL, containing 1X PCR buffer (Invitrogene), 200 μmol L^−1^ each of dATP, dCTP, dGTP and dTTP (Invitrogene), 2 mmol l^−1^ MgCl~2~, 5 μmol L^−1^ of each primer, 100 ng of genomic DNA and 1U of Taq DNA polymerase (Invitrogene). A Biometra thermocycler was used for amplification. The reaction consisted of an initial denaturation step at 94 °C for 5 min, followed by 35 cycles of 1 min at 94 °C, 1 min at 50 °C and 1 min at 72 °C and a final extension step of 5 min at 72 °C.

### 16S rDNA sequencing and phylogenetic analysis {#Sec16}

16S rDNA fragments amplified with primers PA and 907R from genomic DNA of isolates were purified with a JETquick spin column (Genomed, Germany) and sequenced with the same primers using a Beckman-Coulter automated DNA sequencer (model CEQ-2000) with dye terminators, following standard protocols and then identified using the BLAST tool of the National Center for Biotechnology Information (<http://www.ncbi.nlm.nih.gov>).

For DNA sequence analysis, alignments were made with ClustalX 2.1 and visually corrected with BioEdit Sequence Alignment Editor. The Neighbor Joining method was applied to estimate phylogenetic relationships among the isolates.

Nitrogen fixation {#Sec17}
-----------------

In order to assess the nitrogen fixing capacity of the isolates, an assay based on the formation of a layer in semi-solid JNFb medium (without N) was carried out (Döbereiner et al. [@CR29]). Bacteria were first grown in DYGS liquid media, then washed with saline solution (NaCl 0.85 %), and 20 µl of the culture were inoculated in triplicate in 10 mL vials containing 5 mL of semi-solid JNFb medium. The vials were stored at 30 °C for 7 days. After this period of time it was possible to observe a layer forming, characteristic of diazotrophic bacteria when in culture media. As a positive control, a wild bacteria was used (*Gluconacetobacter diazotrophicus* PAL 5, kindly supplied by Professor Fábio Lopes Olivares from the Universidade Federal Norte Fluminense).

Assessment of antibiotic resistance by the colonies {#Sec18}
---------------------------------------------------

Six antibiotics were used to test antibiotic resistance, at a concentration of 1000 µg/mL: chloramphenicol, ampicillin, metacicllin, erythromycin, canamycin and tetracycline. The colonies were inoculated into Nutrient Agar (NA) for 24 h at 28 °C. After growth, the colonies were transferred to a new agar plate with NA using a swab, and discs with 7 µl of each antibiotic were added. The plates were incubated at 28 °C for 24 h, after which the colonies were classified as either resistant or susceptible according to the halo formed around the antibiotic disc (Tawiah et al. [@CR82]).

Production of siderophores {#Sec19}
--------------------------

The production of siderophores isolated from the bacterial colonies was assayed using the chrome azurol S (CAS) method as described by (Schwyn and Neilands [@CR75]), with some modifications. The siderophores were produced in soy trypticase liquid media (STL) diluted (1:10) in 1 litre of deionised water. The CAS solution was prepared in a 100 mL volumetric flask with 6 mL of a 10 mM HDTMA solution in deionised water. Slowly stirring, 1.5 mL of an iron solution (1 Mm FeCl~3~·6H~2~O and 0.01 N HCl) and 7.5 mL of an aqueous solution of CAS (2 mM) were also added. Separately, 4.307 g of anhydrous piperazine was solubilized in approximately 20 mL of deionised water and 6.25 mL of concentrated HCl were added. The prepared buffer (pH 6.5) was transferred to the aforementioned volumetric flask and the volume was completed with 100 mL of deionised water. Bacteria were grown in a 50 mL Erlenmeyer flask containing 10 mL of a 1:10 STL diluted medium. The bacteria were then incubated at 28 °C for 24 h with a rotation of 160 rpm. 2 mL of the suspension were taken from the suspension aseptically and centrifuged at 12,000*g* for 10 min. 1 mL of CAS was then added to 1 mL of the resulting solution. The bacterial colonies that transformed the colour of the CAS from blue to yellow within 15 min were considered producers of siderophores (Louden et al. [@CR45]). This assessment was carried out by using a qualitative method, therefore only the presence or absence of production was detected.

Production of indole acetic acid (IAA) {#Sec20}
--------------------------------------

The production of IAA was assessed using the colorimetric method described by (Gordon and Weber [@CR33]), with a few modifications. Bacteria were grown in 10 mL of a nutritive broth at 28 °C for 24 h with constant agitation at 160 rpm before being transferred to 50 mL of the same medium to which tryptophan was added to make a final concentration of 2 and 200 µg/mL. At intervals of approximately 2 h (for a total period of 96 h), 3 mL (1 mL for the determination of the Optical Density (OD) and 2 mL for the determination of the production of IAA) of the broth were taken aseptically. In order to determine the production of IAA, samples were centrifuged for 10 min at 10,000×*g*. 1 ml of the supernatant of each sample was transferred to a test tube (10 mL) where 2 mL of Salkowski reagent (2 % FeCl~3~·6H~2~O and 37 % HCl~3~) were added. The test tubes were kept in the dark at 28 °C for 30 min, after which the presence of the hormone was established by the pink coloration and quantified through the spectrophotometer reading at 530 nm. Each strain was assessed in triplicate, with the negative control being constituted by the medium alone. The hormone's production was predicted using a calibration curve obtained with 1, 2.5, 5, 10, 25, 50 and 100 μg mL^−1^ Acetic Indole Acid (Sigma^®^). Tryptophan was also tested at two doses, 2 (control) and 200 µg/mL, to evaluate the stimulation or inhibition of IAA production by isolates.

Pseudomonas fluorescens was included as a positive control PGPR strain known as producer of IAA (Oberhansli et al. [@CR60]).

Capacity for solubilizing distinct phosphate sources {#Sec21}
----------------------------------------------------

The ability of bacterial isolates to solubilize various phosphate sources in solid NBRIP supplemented with Ca~3~(PO~4~)~2~ 5 gL^−1^ and phytic acid 1.6 gL^−1^ was evaluated. The plates containing the phosphate sources were inoculated with each bacterial isolate, by means of four equispaced bites on the surface of the medium, then further incubated at 28 °C for 15 days. The solubilizing capacity was evaluated based on the formation of halos around the colonies. The solubilization index (SI) was calculated using the ratio between the halo and colony diameters (Barraqueiro et al. [@CR13]): IS = diameter halo/colony diameter.

Antifungal effect {#Sec22}
-----------------

Interactions tests between the bacterial isolates and pathogenic fungi were carried out for six species of the latter: *Botrytis cinerea*, *Pestalotia* sp., *Alternaria* sp., *Phoma* sp., *Fusarium culmorum* and *Geotrichum candidum.*

Since bacteria and fungi have different growth rates, this assessment began by calculating the growth rates of the fungi in YEPGA medium (10 g of peptone, 10 g of yeast extract, 50 g of glucose and 15 g of agar), and based on this rate the bacterial incubation time was also determined. The YEPGA medium was chosen to allow the growth of both bacteria and fungi. Over four days the diameter of each fungus' colony was measured (two perpendicular directions) (Broadbent et al. [@CR20]). From the measurements, the expansion of the mycelium was calculated based on the linear equation diameter = (mycelium expansion x time) + y intercept, since fungi exhibit linear growth when on the surface of a petri dish with saturated nutritive conditions. After 2 days of fungal growth, the dishes received the inoculum of the bacteria, excepted for *B. cinerea* which demonstrated a slower growth rate; for this reason this bacteria were added after 7 days. Petri dishes were divided into 6 parts, with each of the fungi to be inoculated in the centre, and in each of the 6 parts a different strain of bacteria was added. A sector without any bacterial inoculation served as a negative control, and each bacteria was inoculated in triplicate. After the incubation period, the fungal growth was measured and photographed, then the resulting image was analysed using ImageJ, version 1.47^®^. This analysis allowed for determination of inhibition, by measuring the decrease in growth of each mycelium in the presence of bacteria in comparison with the negative control without bacteria.

Statistical analysis {#Sec23}
--------------------

The experimental design was completely randomized with four repetitions. All analyses were validated by convenient residual analyses that did not show departure from the normal distribution according to the Kolmogorov--Smirnov test and showed homocedasticity among factors. The data were analyzed using ANOVA and means comparison were estimated values of Tukey´s test, when factors and interactions were significant. To compare the organic farming system against the conventional, we applied a *t* test for two independent samples and computed the 95 % confidence intervals for the corresponding mean difference. All statistical tests were performed using the statistical program IBM-SPSS V.22.

PGPR

:   plant growth-promoting rhizobacteria

N

:   nitrogen

P

:   phosphate
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:   indole acetic acid
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:   colony forming unit

O

:   organic

C
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:   optical density
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